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Quenched QCD hadron spectrum is calculated with Wilson's quark action at /9 = 5.85 and 6.0 on a 24^ X 54 
lattice. We discuss the problem of whether we have extracted the mass of the ground state at these /3's without 
contamination of the excited states. We show that the masses of the first excited states turn out to be consistent 
with experiment when we are able to obtain the propagators up to the large time slice region where the propagators 
take the asymptotic forms of the ground states. 



Deriving the hadron spectrum from first prin- 
ciples of QCD has been a long standing chal- 
lenge for lattice QCD simulations. As a step 
toward this goal, the QCDPAX Collaboration 
has carried out a high statistics quenched cal- 
culation with Wilson quarks at (3— 5.85 and 
6.0 on a 24"^ x 54 lattice. After we reported 
the results of a preliminary analysis at Lattice 
91(0, we have increased statistics at /3—6.0. The 
results reported here are based on an analy- 
sis of 100(200) configurations at /3=5.85(6.0), 
each configuration being separated by 1000 heat 
bath sweeps. Hopping parameters are chosen 
to be ii:=0. 144,0. 154,0. 1585,0.1595 and 0.1605 
at /3=5.85 and AT^O. 145,0. 152,0. 155,0.1555 and 
0.1563 at /3—6.0, respectively. They are chosen in 
such a way that m-^/mp roughly agree with each 
other. The ratio ranges from 0.97 to 0.53. The 
errors we quote are estimated by the jack-knife 
method. 

In this article, we discuss the problem of 
whether the hadron propagators calculated at 
these /3's have really taken the asymptotic forms 
of the ground states at large time slices. Recently, 
systematic errors due to contamination of the ex- 
cited states aX (3 ^ 6.0 for Wilson quarks have 
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been much reduced by calculations on lattices 
with large size in time direction |^J^ and calcu- 
lations using smeared quark sources[^|-^. (See 
also refs.[0-g| for works at larger /3's.) However, 
we think that the problem has not been settled 
yet. For example, Los Alamos group |^ has ob- 
tained different mass results from different types 
of quark sources. Ape group has found that 
the masses of the first excited states of tt, p and 
nucleon come out much heavier than experiment. 
Therefore, we have made various analyses, using 
our data which are obtained with point quark 
source, to see whether the ground states dominate 
the hadron propagators at large t's and whether 
the masses of the first excited states turn out to 
be reasonable. 

First, we discuss the results for p meson. We 
find that there exists a plateau in effective mass 
m(t) in the sense that the m{t) does not vary 
more than one standard deviation for successive 
values of time slices. In fig. |l| we show the 
results for the m{t) at /3=6.0. The results at 
/3=5.85 are similar. The m(i)'s reach a plateau 
at ti ^ 11 at /3=5.85 and typically at ti ^ 15 
at /3=6.0, respectively. (Note that the (3 depen- 
dence of the time slice where the plateau starts at 
is consistent with the ratio of the lattice spacings 
a-i(/3 = 6.0)/a-i(/3 = 5.85) - 1.25. We have es- 
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Figure 1. Effective mass piots for p meson at 
/3 = 6.0 for the largest three hopping parameters. 
In the small box shown are masses obtained by 
two different fits. 



timated the ratio from the nip at Kc-) Therefore 
we have fitted propagators for i > to single hy- 
perbolic cosine functions. Hereafter we call this 
fit plateau-fit or pl-fit. The m(i)'s do not reach 
a plateau ed t < ti. To see this, we have made 
improper fits with data for several t's with t < ti. 
Hereafter we call this fit pre-plateau fit or pp- 
fit. The mass results obtained by the pre-plateau 
fits are about two standard deviations larger than 
those by the plateau fits. (See fig. ^) At P—6.0, 
the differences of the two results are about 3% at 
where m-„/mp ^ 0.7, and about 7% at 
-ftr=0.1563 where the ratio is about 0.5. 

The two different fits for the ground state lead 
a drastic difference in the results for the mass of 
the first excited state p' . In order to estimate nipi , 
we calculate excited state propagators defined by 

G'{t) = G{t) - Aocosh((r - i/2)mo) (1) 

with Af) and mo determined by the pl-fits or the 
pp-fits. Fig. H shows effective mass plots for the 
G'{t). When the plateau fit is used for the ground 



Figure 2. Effective mass plots for the first excited 
state of p meson at /3=6.0. (a) the case where the 
plateau fits are used for the ground state, (b) the 
case where the pre-plateau fits are used. #'s de- 
note hopping parameters: #0:-ftr=0.145(sft=1.6), 
#l:/f=0.152(sft=1.2), #2:X=0.155(sft=0.8), 
#3:/f=0.1555(sft=0.4), #4:ii:=0.1563(sft=0.0). 
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Figure 3. Mass vs. XjK for p and p' at /3=6.0. 
(a) the case where the plateau fits are used for the 
ground state, (b) the case where the pre-plateau 
fits are used. 
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state, there exists a plateau in effective mass m{t) 
for the G'{t). When the pre-plateau fit is used, 
no clear plateau can be seen in the m{t) for the 
G'{t). The rup' is determined by fitting the G'{t) 
for time slices shown in fig. ||. Fig. || shows the 
masses thus obtained versus 1/K At /3=6.0. The 
results at (3—5.85 are similar. When the plateau 
fit is used for the ground state, the rripi turns 
out to be about twice the nip: the nip' at Kc 
in physical units read 1.57(21) GeV at (3=5.85 
and 1.77(24) GeV at (3=6.0, respectively, which 
are consistent with experimental value 1.6 GeV. 
When the pre-plateau fit is used, the nip' is about 
three times the nip, or in physical units 2.30(17) 
GeV at (3=5.85 and 2.23(24) GeV at (3=6.0, re- 
spectively. These values are much larger than the 
experimental value. 

If lattice QCD at these (3's in the quenched ap- 
proximation has something to do with continuum 
QCD, we expect that we can obtain a reasonable 
value for the mass of the first excited state as 
well as that for the mass of the ground state. It 
may be worth while emphasizing that the mass of 
the first excited state turns out to be consistent 
with experiment, when we fit data for time slices 
where the effective mass plot has a plateau for the 
ground state. 

We have also made two-mass fits and two-mass 
fits with mass difference fixed to its experimen- 
tal value. Fig. ^ summarizes the results for the 
nip at P=6.0 obtained by various fits as well as 
those reported by Ape group |^ and Los Alamos 
group The results obtained by the plateau fits, 
the two-mass fits and the two-mass fits with mass 
difference fixed are consistent with each other. 
The results by the pre-plateau fits and those re- 
ported by Ape group are consistent with each 
other. However the latter is about two standard 
deviations larger than the former. This deviation 
causes a large difference for the mass of the first 
excited states. 

We have made similar analyses for nucleon at 
(3=5.85. Effective masses for the ground state 
reach a plateau typically at i ^ 15 for small quark 
masses, except a.t K = 0.1605 where we have 
not obtained clear plateau. We find that there 
exists a plateau in effective masses also for the 
first excited state N' , when the plateau fits are 
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Figure 4. Mass results for p meson at /3=6.0 ob- 
tained by various fits as well as those reported by 
Ape group [|j and Los Alamos group Q . 



used for the ground state. The toat' turns out to 
be 1.53(22) GeV, which is consistent with exper- 
imental value 1.44 GeV. (See fig. |.) 

For nucleon at (3=6.0, we have first fitted data 
for i > 12, because at first sight, it seems that 
there exists a plateau in effective masses for t > 
12. (See fig. ^.) The results for obtained 
by the one-mass fits are consistent with those re- 
ported by Ape group. However, the mass of the 
first excited state m^v' turns out to be much heav- 
ier than experiment: mpf at Kc is 2.91(58) GeV. 
(This value is also consistent with that of Ape 
group.) 

We interpret this due to the fact that contami- 
nation from the excited states is still large around 
t ~ 12, because i ~ 12 at P=6.0 corresponds 
to t ~ 10 at (3=5.85, where we have found the 
plateau in effective masses for the first excited 
state of nucleon at (3=5.85. When we recall that 
the ratio of the lattice spacings at two (3's is about 
1.25 and the m(t)'s for nucleon at (3=5.85 reach 
a plateau at t ^ 15, we expect that the TO(i)'s 
at (3=6.0 reach a plateau at t 19. Our data 
for the effective masses at such large time slices 
are not good enough to confirm this expectation. 
However we find that the mass results obtained 
by two-mass fits with mass difference fixed are 
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Figure 5. The same as fig. |^ but for nucleon at 
13=5.85. 
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slightly smaller than those by the one-mass fits. 
This suggests that the nucleon masses at /3=6.0 
can be smaller that the results obtained by the 
one-mass fits. 

The other extreme explanation is that the 
masses obtained by the one-mass fits as well as 
those reported by Ape group are correct, and 
therefore, the mass of the first excited state is 
really heavy. In this case, iV'(1.44 GeV), which 
is well established by experiment, should be an 
exotic state. 

From analyses above, we interpret our results 
as follows. Propagators of p meson at (3=5.85 
and 6.0 as well as those of nucleon at f3=5.85 
have taken at large <'s the asymptotic forms of 
the ground states. In these cases, masses of the 
first excited states turn out to be reasonable. For 
nucleon at (3=6.0, the first exited state turns out 
to be much heavier than experiment, when the 
one-mass fits for t > 12 are used for the ground 
state. In order to obtain definitive results, we 
need good data for t > 19. We hope we can per- 
form high statistics calculations on larger lattices 
in time direction, or calculations with some kind 
of smeared quark sources at (3=6.0, in order to 
obtain data for larger time slices. 

The numerical calculations have been per- 
formed with QCDPAX, a parallel computer de- 



Figure 6. The same as fig. |l| but for Nucleon at 
(3=6.0. 



veloped at University of Tsukuba. We would like 
to thank Rajan Gupta for valuable discussions. 
This project is supported by the Grant-in-Aid 
of Ministry of Education, Science and Culture 
(No.62060001 and No.02402003). 

REFERENCES 

1. QCDPAX CoUab., T.Yoshie et at, Nucl.Phys. 
B(Proc.Suppl.) 26(1992)281. 

2. T.Yoshie, Y.Iwasaki and S.Sakai, Nucl.Phys. 
B(Proc.Suppl.) 17(1990)413. 

3. Ape Collab., S.Cabasino et ai, Phys.Lctt. B 
258(1991)195. 

4. K.M.Bitar et ai, Phys.Rev. D 46(1992)2169. 

5. D.Daniel et ai, Phys.Rev. D 46(1992)3130. 

6. D.Weingarten et ai, these proceedings. 

7. M.Guagnelh et ai, Nucl.Phys. B 378 (1992) 
616. 

8. UKQCD Collab., C.R.AUton et ai, Phys. 
Lett. B 284 (1992) 377. See also S.Collins et 
a/., A. D.Simpson et ai, these proceedings. 

9. QCDTARO Collab., T.Hashimoto et al, 
these proceedings. 



